Ketamine is an N-methyl D-aspartate receptor antagonist used off-label to facilitate dissociative anesthesia in children undergoing invasive procedures. Available for both intravenous and intramuscular administration, ketamine is commonly used when vascular access is limited. Pharmacokinetic (PK) data in children are sparse, and the bioavailability of intramuscular ketamine in children is unknown. We performed 2 prospective PK studies of ketamine in children receiving either intramuscular or intravenous ketamine and combined the data to develop a pediatric population PK model using nonlinear mixed-effects methods. We applied our model by performing dosing simulations targeting plasma concentrations previously associated with analgesia (>100 ng/mL) and anesthesia awakening (750 ng/mL). A total of 113 children (50 intramuscular and 63 intravenous ketamine) with a median age of 3.3 years (range 0.02 to 17.6 years), and median weight of 14 kg (2.4 to 176.1) contributed 275 plasma samples (149 after intramuscular, 126 after intravenous ketamine). A 2-compartment model with first-order absorption following intramuscular administration and firstorder elimination described the data best. Allometrically scaled weight was included in the base model for central and peripheral volume of distribution (exponent 1) and for clearance and intercompartmental clearance (exponent 0.75). Model-estimated bioavailability of intramuscular ketamine was 41%. Dosing simulations suggest that doses of 2 mg/kg intravenously and 8 mg/kg or 6 mg/kg intramuscularly, depending on age, provide adequate sedation (plasma ketamine concentrations >750 ng/mL) for procedures lasting up to 20 minutes.
Ketamine is an N-methyl D-aspartate receptor antagonist increasingly used "off label" to facilitate a dissociative anesthesia in children undergoing invasive procedures. 1, 2 Commercial preparations of ketamine are a racemic mixture of R-and S-enantiomers approved for use in adults as the sole anesthetic agent for diagnostic and surgical procedures and for the induction of anesthesia. 3 Because administration of ketamine is associated with preservation of hemodynamics and laryngeal reflexes, it is frequently used in populations at risk for respiratory and hemodynamic compromise, such as children. 2, [4] [5] [6] The availability of a formulation for intramuscular (IM) administration makes it a common choice when vascular access is limited, such as in the emergency department. 7 Labelrecommended dosing for intravenous (IV) and IM ketamine to facilitate surgical anesthesia in adults ranges from 1 to 4.5 mg/kg and 6 to 13 mg/kg, respectively.
In adults, ketamine exhibits low protein binding to both α 1 acid glycoprotein and albumin (10% to 30%) with high lipid solubility and extensive distribution. 9 Central compartment volume (V c ) is 70 L, and the steady-state volume of distribution (V ss ) is around 200 L. 9 Ketamine elimination clearance (CL) is 12-20 mL/(min·kg) in adults, and it is hepatic blood flow limited. 9 After IV administration, the distribution of ketamine undergoes α and β phases. During the α phase, which has a half-life of about 10-15 minutes, the drug has initial anesthetic effect. 10 Ketamine then undergoes redistribution from the central compartment and hepatic metabolism by CYP3A isoenzymes, CYP2B6, and CYP2C9. 8 Approximately 80% of the dose is metabolized to active norketamine, which appears in the blood 2-3 minutes after an IV ketamine bolus and reaches peak plasma concentrations at approximately 30 minutes after administration. 9 Norketamine persists in the plasma for more than 5 hours after administration, and the half-life of the β phase of ketamine is 2.5 hours. 9, 10 Existing evaluations of ketamine pharmacokinetics (PK) in children are limited to smaller populations presenting to the emergency department or children with burn injuries or cardiac disease. 1, 11 Ketamine PK is most commonly described by 2-compartment models with linear elimination and CL increasing with age from 26 L/(h·70 kg) in infants <3 months up to 90 L/(h·70 kg), in older children. 8, 12 Ketamine V ss decreases with age, ranging from 242 L/70 kg in infants <3 months to 53 L/70 kg by adulthood. Subsequent analyses of pediatric data have contributed valuable information on optimal sampling times, oral bioavailability (45%), and absorption half-time following oral administration (59 minutes, 95%CI 29.4-109.2 minutes). 1, 13 Ketamine was also found to have a 36% bioavailability following intranasal administration in children ࣙ10 kg.
14 Importantly, despite the frequent use of IM ketamine, its IM bioavailabilty has only been characterized in 6 healthy adult volunteers to date. 15 In this population PK analysis we leveraged a combined data set from 2 prospective PK studies of ketamine in children, 1 with IM and the other with IV administration. In this analysis we characterize the PK of ketamine in children including its model-estimated IM bioavailability.
Materials and Methods
Patient Population PK samples used to develop the model described in this report were collected through the Pediatric Trials Network's (PTN's) Pharmacokinetics of Understudied Drugs Administered to Children per Standard of Care trial (clinicaltrials.gov no. NCT01431326; protocol: NICHD-2011-POP01) and the Ketamine Pharmacokinetic Study in Healthy Children Aged 2 to 5 Years Old (KPSHC2011) study (Health Sciences Authority, Singapore: HPRG/CTB 78:10/11-086). Written informed consent (and assent when applicable) was obtained from the legal guardians of all study participants in both studies. The PTN POP01 study protocol was reviewed and approved by the institutional review boards of each participating institution. The KPSHC2011 protocol was reviewed and approved by the KK Women's and Children's Hospital institutional review board.
The PTN POP01 trial is a multicenter, prospective, PK, and safety study of understudied drugs administered to children (<21 years old) per standard of care. Children who received IV ketamine per standard of care as administered by their treating caregiver were eligible for enrollment. Exclusion criteria included failure to obtain consent or assent or a known pregnancy as determined by interview or testing. PK samples were collected optimally with standard-of-care lab collections or at different times from standard-ofcare collections if allowed per consent. Because this was a standard-of-care study, dosing and PK sample collection times varied among children. Standard-ofcare laboratory assessments (eg, basic metabolic panel) were recorded if collected within 72 hours of a study dose of the drug. Gestational age was documented in infants with a postnatal age (PNA) of less than 120 days. Children were enrolled in the study for up to 90 days.
The KPSHC2011 study is a single-center, prospective, PK, safety, and preliminary efficacy trial conducted at KK Women's and Children's Hospital, Singapore. Children up to 5 years old requiring IM ketamine for procedural sedation and analgesia in the emergency department were eligible for enrollment. Exclusion criteria included failure to obtain consent or assent and a history of prior anaphylaxis to ketamine. Children received IM ketamine per standard of care, and 3 timed venous PK samples were taken following administration.
Drug Dosing and Sample Collection
Dosing information was collected for up to 8 doses before the sampling dose (last dose before first biological sample collection) in the POP01 study and for all study doses in the KPSHC2011 study. Dosing in both studies was per standard of care but limited to the IM administration route in the KPSHC2011 study. All children enrolled in the KPSHC2011 study received a single dose of IM ketamine, whereas all children enrolled in the POP01 study received 1 or more bolus doses or continuous infusions of IV ketamine. For the opportunistic POP01 study, the timing of blood sample collection was dependent on standard-of-care laboratory assessments, but suggested sampling times were provided (Supplemental Table S1 ). For the KPSHC2011study, blood samples for PK analysis were collected at the following time windows after drug administration: 10 minutes, 30-60 minutes, and 120 minutes.
Analytical Methods
Blood was collected (0.2 mL in children <1 year of age and 2 mL in children ࣙ1 year of age) in an EDTA-K2 Microtainer and was processed into plasma immediately before freezing at the study sites. PK samples from both studies were sent to a PTN-contracted commercial laboratory (Alturas Analytics, Inc, Moscow, ID) for storage and analysis. Ketamine concentrations were quantified using validated liquid chromatographytandem spectrometry assays. 16 The chromatography system and mass spectrometer used for sample analysis were the Sciex API4000 triple Quadrupole mass spectrometer with a Synergi Polar-RP 80A 4u HPL Column from Phenomenex (Torrance, California) used to separate ketamine from the internal standard. The validation range for the assay was 10-2000 ng/L. The lower limit of quantification was 10 ng/mL, and the validated dilution range was 50×. Both R-and S-ketamine were measured, and the assay was not designed to differentiate between the 2 enantiomers. Accuracy and precision assessed were within the US Food and Drug Administration's bioanalytical assay validation criteria (eg, ±15%).
Statistical Analysis
From the value at the time of first recorded dose, the median and range were calculated and presented for demographic and dosing variables. Counts and percentages are calculated and presented for categorical variables. Distributions of study variables are compared using Wilcoxon rank sum, chi squared, or Fisher exact tests where appropriate. With the exception of the PK modeling, all statistical analyses were performed using Stata (version 14.2, College Station, Texas).
Population PK Model Development
Ketamine plasma PK data collected after IV or IM administration (Supplemental Figure S1 ) were analyzed with a nonlinear mixed-effects modeling approach using the software NONMEM (version 7.2, Icon Development Solutions, Ellicott City, Maryland). The first-order conditional estimation method with η-ɛ interaction was used for all model runs. Run management was performed using Pirana (version 2.8.2). 17 Bootstrap analyses were performed with Perl-speaks-NONMEM (version 3.7.6). 18 Data manipulation and visualization were performed using the packages Xpose in the software R (version 3.0.3, R Foundation for Statistical Computing, Vienna, Austria), RStudio (version 0.97.551, RStudio, Boston, Massachusetts), and Stata (version 14.2). [19] [20] [21] With the combined data sets of both studies, 1-and 2-compartment PK models with first-order absorption for the IM administration were explored with assumed linear PK. 22 Bioavailability (F) of IM ketamine was estimated. Interindividual variability (IIV) was assessed for PK model parameters using an exponential relationship (equation 1).
where PAR ij denotes the estimate of parameter j in the i-th individual; θ Pop,j is the population value for parameter j; and η ij denotes the deviation from the average population value for parameter j in the i-th individual with mean 0 and variance ω 2 . The correlation between random-effect parameters was calculated, and the inclusion of a block covariance matrix in the model was evaluated but not retained in the final model.
Proportional, additive, and combined (additive plus proportional) residual error models were explored. Separate residual errors were estimated for the POP01 and KPSHC2011 study data.
Covariate Analysis
Actual body weight (WT) was assumed to be a significant covariate for CL and V and was included in the base model. The relationship between WT and PK parameters was characterized using allometric relationships for CL and V parameters (scaled to a 70-kg standardized WT), respectively. Allometric coefficients were estimated, but fixed exponents (0.75 for CL and 1 for V) were retained in the final model (equations 2 and 3).
where CL std and V std represent population estimates of CL and V in a 70-kg adult and WT i denotes WT for the i-th subject. Other covariates were tested for model inclusion (Supplemental Table S2 ). Determination of which covariates to test for model inclusion was based on physiological relevance and by visual inspection of scatter and box plots (continuous and categorical variables, respectively) of the individual deviations from the populationtypical value PK parameters (ηs) against covariates. The following covariates were explored: extracorporeal membrane oxygenation (ECMO) support at the time of PK sampling, race, ethnicity, obese status (defined as body mass index ࣙ 95th percentile per Centers for Disease Control reference values for children >2 years of age), postmenstrual age (PMA), PNA, and protocol under which subject was enrolled (binary variable: POP01 or KPSHC2011). 23 The relationship between age and CL was characterized using linear, power, and sigmoidal E max maturation functions (equations 4-6). Maturation function parameters were both estimated and fixed to previously published values. [24] [25] [26] As a measure of age, PNA and PMA were explored.
F age = age HILL TM 50 HILL + age HILL (6) For dichotomous categorical covariates (ECMO, obese status), a power relationship was used (equation 7).
For categorical variables with n distinct values (race, ethnicity), additive coding with n -1 indicator variables (1 = yes, 0 = no) was used (equation 8). (8) For all continuous covariates, missing data values were imputed by carrying forward or backward the most recent available value for each subject.
A forward inclusion (P < .05 and change in objective function value [OFV] > 3.8) and backward elimination (P < .01 and change in OFV > 6.6) approach was used to evaluate statistical significance in the covariate analysis.
Population PK Model Evaluation
Standard model diagnostic methods were used and included successful minimization, diagnostic plots, and plausibility and precision of parameter estimates as well as OFV and shrinkage values. Generated diagnostic plots included individual predictions and population predictions versus observations, and conditional weighted residuals versus population predictions and time after first dose.
Parameter precision for the final population PK model was evaluated using nonparametric bootstrapping (1000 replicates) to generate the 95% confidence intervals for parameter estimates. Standardized visual predictive checks (SVPCs) were performed whereby the base and final models were used to generate 1000 Monte Carlo simulation replicates per time point of ketamine concentration measurements, and simulated results were compared with those observed in the study. 27 An SVPC was preferred to the commonly used visual predictive check as the primary graphical representation because of the opportunistic design of the study, resulting in variable dosage and time of PK sampling across subjects. 27 However, a more commonly used typical visual predictive check was also performed with 10 bins selected to equally distribute observed concentrations over time after the last dose (Supplemental Figure S2 ). The percentile of each subject's observation in the marginal distribution of model-simulated end points (P i,j ) as a function of time and dosing was estimated, using the subject's individual time and dosing. Observations outside the 95% prediction interval were then estimated (equation 9).
where P ij is the percentile of the j-th observation for the i-th subject; δ ij,n = 1 if C obs,ij > C obs,ij,n (otherwise, δ ij,n = 0); C obs,ij is the j-th observed concentration for i-th individual; and C obs,ij,n is the n-th simulated concentration corresponding to C obs,ij . The dosing and covariate values used to generate the simulations in the SVPC were the same as those used in the study population.
In addition to the SVPC, a numerical predictive check using 1000 simulations was also performed for the final model. We calculated the percentages of outliers for each selected prediction interval (0%, 20%, 40%, 50%, 60%, 80%, 90%, 95%) in each simulation to obtain a confidence interval for the percentages of outliers and compared the observed percentages to the empirical confidence interval.
Dosing Simulations
Plasma concentrations of ketamine were simulated in virtual subjects at 25 time points after dose administration: every minute between 1-20 minutes, and at 25, 30, 40, 50, and 60 minutes. We chose 5 virtual subjects whose WTs were approximately equal to the median WT of male children in the middle of 5 age brackets covering our study population based on Centers for Disease Control and Prevention growth charts: children <6 months, 6 kg; children 6 months to <2 years, 11 kg; children 2 to <6 years, 17 kg; children 6 to <12 years, 28 kg; children ࣙ12 years, 56 kg. IV bolus dosing simulations were performed for scenarios on and off ECMO. Single IM dose simulations were not performed on ECMO because this route of drug administration is typically contraindicated in this setting due to the high risk of bleeding. Fixed effects and IIV parameters were fixed for inclusion in the simulation. A total of 1000 simulations in each virtual subject were performed per dosing scenario, and the 10th percentile of simulations presented in concentration-time curves plotted over previously published plasma ketamine concentration cutoffs: 100 ng/mL corresponding to analgesic effect, 750 ng/mL corresponding to awakening from anesthesia, 1000 ng/mL corresponding to arousal with verbal stimulus, and 1500 ng/mL corresponding to arousal with painful stimulus. [28] [29] [30] [31] The ketamine plasma concentration associated with unwanted toxicities has not been reported; thus, an upper limit of concentrations was not targeted in the simulations.
Safety Analysis
In the POP01 study only adverse events associated with study procedures (phlebotomy) and suspected unexpected serious adverse reactions were collected. In the KPSHC2011 study the following adverse events of special interest were collected: (1) abnormal pulse rate, (2) low pulse oximetry, (3) need for airway interventions, and (4) need for any other interventions presumed directly related to ketamine administration.
Results

Patient Characteristics
A total of 113 children, 63 from the POP01 study and 50 from the KPSHC2011 study, were included in the analysis (Table 1) . Median WT and PNA did not differ between children enrolled in the 2 studies: 11 kg (range 2 to 176) in POP01 versus 15 kg (10 to 34) in KPSHC2011 (P = .08); and 1.6 years (0.02 to 17.6) in POP01 versus 3.7 years (1.8 to 5.9) in KPSHC2011 (P = .06). However, 17 children (27%) in the POP01 study were obese, compared to only 2 children (4%) in the KPSHC2011 study (P < .001). A total of 36 children (32%) were under the age of 2 years at the time of PK sampling, and 14 children, all from the POP01 study, were supported with ECMO at the time of PK sampling. There was no significant difference in the median (range) PNA or WT between children supported with ECMO and those not supported with ECMO: 2.0 years (0.02 to 17) versus 3.4 years (0.01 to 18) (P = .40); 10.7 kg (2.7 to 85.6) versus 14.1 kg (2.4 to 176) (P = .37).
All children in the POP01 study received IV ketamine at a median dose of 1 mg/kg (range 0.3 to 205). This included both bolus dosing and continuous infusion of ketamine. The largest dose was administered as a continuous infusion over 114 hours. The median number of ketamine doses received by children in the POP01 study was 3 (1 to 32). Median infusion rate was 35 mg/(kg·h) (0.05 to 250), and median duration of infusion was 1 minute (1 minute to 136 hours). All children in the KPSHC2011 study received a single dose of IM ketamine at a median dose of 4 mg/kg (3 to 5).
PK Specimens
The median number of PK samples per subject was 2 (1 to 6) in the POP01 study and did not differ significantly in the subset of 14 children supported with ECMO (1.5 samples [1 to 4]). A single subject in the KPSHC2011 study contributed 2, whereas all 49 other children contributed 3 PK samples. From the total of 275 plasma PK samples drawn, 5 were excluded due to incomplete sampling time or dosing data and 4 due to dilutions greater than the validated range (50×). Of the remaining 266 samples, 12 (<5%) were below the limit of quantification and were dropped from the analysis, leaving a total of 254 samples-105 from the POP01 and 149 from the KPSHC2011 study-for analysis. Imputation using half the lower limit of quantification was evaluated but not retained in the final model given that values below the limit of quantification after the first drug dose represented <5% of the data set and given the lack of appreciable difference in model fit or estimation results.
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Population PK Model Development and Evaluation A 2-compartment model with first-order absorption and elimination described the ketamine concentration versus time data well (Figures 1 and 2 shrinkage values (>50%), and these random effect parameters were therefore fixed to 0. The covariance between IIV(CL) and IIV(V c ) was not estimated as the inclusion of a block covariance matrix resulted in model instability with an unacceptably high proportion of runs with lack of successful minimization during the bootstrap analysis. After accounting for body size, use of linear, power, and E max maturation functions for either PNA or PMA on CL did not significantly reduce the OFV. Similarly, inclusion of race or ethnicity using additive covariates on CL also did not reduce the OFV. However, inclusion of ECMO as a covariate on CL/F using a power relationship resulted in a significant drop in the OFV (−19.5). Thus, the final model included WT, and a power relationship of ECMO on CL (Table 2) :
Separate proportional residual errors for the POP01 and KPSHC2011 data characterized residual variability and were estimated at 48.3% for the former and 15.8% for the latter. This difference is likely due to the opportunistic sampling design and variable dosing of the POP01 study. Shrinkage estimates for CL, V c , and Q IIV were 15%, 31%, and 40%, respectively. Shrinkage for the POP01 and KPSC2011 proportional residual error parameters were 18% and 46%. The percentage difference between model and bootstrapped median parameter estimates was ࣘ4% for all parameters. Diagnostic plots for the final model showed overprediction at higher concentrations (ࣙ1800 ng/mL) (Figure 1 ). Only 8% of observed concentrations were outside of the SVPC and typical visual predictive check 90% prediction interval, indicating good performance of the final model (Figure 2) . A numerical predictive check computing prediction intervals ranging from 0% to 95% found an appropriate percentage of observed concentrations outside the confidence interval above the prediction intervals but slightly lower than the expected percentage of observed concentrations outside the confidence interval below the prediction intervals (Supplemental Table S3 ).
Individual empirical Bayesian estimates for PK parameters based on the final model were compared between children supported with and those not supported with ECMO (Table 3 ). The median empirical Bayesian estimate of CL was significantly higher in children supported with ECMO compared to those not supported Simulated Dose-Exposure Relationship Following IM administration of doses ranging from 2 to 10 mg/kg, plasma concentrations corresponding to analgesic effects (>100 ng/mL) were reached after approximately 5 minutes and lasted for 60 minutes (Figure 3 ). To achieve plasma concentrations above the anesthesia awakening threshold of 750 ng/mL, doses of 8 mg/kg in children 6 and 11 kg, and 6 mg/kg in children 17, 28, and 56 kg were necessary (Supplemental Table S4 ). Even at these doses, approximately 10 and 15 minutes were required to reach plasma concentrations >750 ng/mL in children 6 and 11 kg, and 17-56 kg respectively. Concentrations were maintained above this threshold for 20-30 minutes. A single IM dose of 0.5 mg/kg failed to exceed the analgesic effect threshold (not shown), and a single IM dose of 1 mg/kg barely reached this threshold in all simulated cases. Following IV administration, all bolus dosing levels simulated rapidly exceeded the analgesic threshold, and doses ࣙ2 mg/kg resulted in plasma concentrations above the anesthesia awakening threshold of 750 ng/mL within 2 minutes of administration (Supplemental Table S4 ). Doses of 2 mg/kg maintained plasma concentrations above this threshold for approximately 10 minutes, but a dose of 5 mg/kg was necessary to maintain plasma concentrations >750 ng/mL for 20 minutes (Figure 4 ). When the typical child was simulated as supported with ECMO, similar IV doses were required to reach the threshold except for the 56-kg child, where a 1 mg/kg dose was sufficient. However, plasma concentrations fell more rapidly and were below 750 ng/mL within less than 20 minutes even after a 5 mg/kg IV dose (Supplemental Figure S3 and Supplemental Table S4 ).
Safety
No study procedure-related adverse events were reported in the 63 children enrolled in the POP01 study.
In the KPSHC2011 study, 1 of the 50 children required airway repositioning and suctioning following ketamine administration.
Discussion
We developed a pediatric population PK model combining plasma concentrations of ketamine measured after IV and IM administration. Similar to published population PK models of ketamine in children and adults, a 2-compartment model best characterized the data. Our model is the first to estimate the bioavailability of IM ketamine in children and the first to report on the effect of ECMO on ketamine CL. Our model is applicable to pediatric clinical practice by simulating optimal ketamine dosing for IM and IV administration and for children supported with ECMO. The population estimates for ketamine V c and V p scaled to a 70-kg adult (32.8 L and 152 L) and the resulting V ss (=V c + V p =184.8 L) were 41% higher than previously reported in a cohort of 54 children with a mean age of 8.3 years (range 1.5-14) receiving IV ketamine for procedural sedation in the emergency department.
8 V ss of ketamine is known to decrease with age, ranging from 242 L/70 kg in infants <3 months to 53 L/70 kg by adulthood. Our estimate (185 L/70 kg) is consistent with the younger median age of 3.3 years in our cohort. 12, 33 The population estimate for ketamine CL scaled to a 70-kg adult (38.9 L/h) was comparable to the value (38.7 L/h) previously derived in a cohort of 10 infants 1 week to 30 months of age receiving ketamine via continuous infusion while recovering from cardiac surgery. 28 Our estimate was lower (51%) than the CL previously reported in 54 children with a mean age of 8.3 years (range 1.5-14) receiving ketamine in the emergency department (90 L/[h·70 kg]), although the authors pointed out that the latter value may have been overestimated by the truncated sampling scheme of the study, which was shorter than the sampling scheme available in our study (especially for the POP01 study). 8 Our estimate is also 24% to 74% lower than CL estimated in adults, with the highest adult CL being reported in critically ill patients. 34, 35 Ketamine CL is known to be decreased in infants <3 months of age (26 L/[h·70 kg]) but approaches adult values by 3-12 months (86 L/[h·70 kg]). 12 As a result, estimation of CL from a pediatric cohort that includes infants <3 months would be expected to yield lower values, as was the case in our study and the study of infants recovering from cardiac surgery. 28 An estimate of CL in an older pediatric cohort should in turn result in higher CL values, as was the case in the report from the emergency department and a subsequent reanalysis of the same data set. 1 Ketamine CL was 2.3-fold higher among children supported with ECMO in our cohort, although volume of distribution was not significantly affected. The IIV on CL was only modestly decreased following inclusion of ECMO as a covariate and remained high (51% to 49%), but the OFV was significantly lower.
Our study is the first to report on the PK of ketamine in children supported with ECMO, but previous studies have identified PK alterations of multiple drugs in children during ECMO support. Several potential pathophysiologic mechanisms responsible for these alterations have been described: drug extraction by the ECMO circuit, hemodilution, and physiological changes related to the support of critical illness. 36 We can only postulate as to the mechanism responsible for the increased CL of ketamine observed in our study during ECMO support. Hepatic N-demethylation is the primary elimination pathway of ketamine, with CL limited by liver blood flow. 9 ECMO may ameliorate hepatic function through improved organ blood flow, particularly when compared to other critically ill children. An increase in CL among children supported with ECMO has previously been reported for micafungin and was presumed to be related to lower albumin concentration following hemodilution on ECMO. 37 This is less likely to be the case in our cohort, as albumin concentrations were generally high in all children (>2.1 g/dL), ketamine exhibits low protein binding, and its CL has been shown to be blood flow limited. 9 Higher ketamine elimination with ECMO may also be due to nonspecific and irreversible drug adsorption by the circuit if adsorption is an ongoing process. 38, 39 Significant drug adsorption typically results in increased V and is most often seen with lipophilic drugs. 39 Because ketamine is more hydrophilic, adsorption may be less severe and occur more gradually over time, resulting in increased CL without affecting V.
Our analysis leveraged a combined data set from 2 clinical trials to estimate the bioavailability of IM ketamine using a population PK model. To our knowledge, the previously published bioavailability estimate of IM ketamine was calculated from the ratio of the trapezoidal area under the concentration-time curve after IM and IV injection of ketamine in 6 healthy adult volunteers. 15 In this population, the bioavailability ranged from 85.9% to 97.2%, with a mean of 93%. Our estimate, derived in a larger pediatric population using a population PK modeling approach, is significantly lower (41%). The value does, however, reflect current dosing recommendations for induction of anesthesia with IM ketamine, which are 2-3 times higher than recommended IV doses for children ࣙ3 months to <16 years: 5-10 mg/kg IM or 1-3 mg/kg IV. [40] [41] [42] A similar dosing ratio is recommended for procedural sedation without concomitant use of propofol: 4-5 mg/kg IM or 1-2 mg/kg IV. 43, 44 The majority of these dosing recommendations were derived primarily from evaluating the dose-response relationship rather than characterizing exposure. We applied our model to ketamine dosing simulations following IM and IV bolus dosing in children with and without ECMO support. We designed our simulations to primarily reflect ketamine use for procedural sedation, given the prevalence of this indication in multiple clinical settings (intensive care unit, emergency department) and the fact that it was an inclusion criterion for participation in the KPSHC2011 study. Our recommended doses for children not supported with ECMO are consistent with previous reports for both IV and IM administration of ketamine for procedural sedation and with the ketamine FDA label. 3, 40, 43, [45] [46] [47] These reports primarily recommended doses based on safety profiles and clinical success rates of sedation and achievement of adequate conditions to complete procedures. Our simulation complements these reports by confirming that doses of 8 mg/kg and 6 mg/kg IM in children 6-11 kg and 17-56 kg, respectively, and 2 mg/kg IV exceed plasma threshold concentrations previously associated with analgesia and arousability. When compared to the most recent and largest pediatric study of IV ketamine for procedural sedation that measured plasma concentrations, our simulations yielded similar exposures, with doses of 2 mg/kg resulting in plasma concentration <750 ng/mL (level associated with arousal) after 10 minutes, and doses >3 mg/kg exceeded this level for 20 minutes. An important difference between our IM and IV dosing simulations is the time to achieve plasma concentrations >750 ng/mL. Our results suggest that for children not supported with ECMO, IM doses of 8 mg/kg in children 6-11 kg and 6 mg/kg in children 17-56 kg will provide adequate sedation approximately 10 and 15 minutes, respectively, after administration for procedures lasting up to 20 minutes. Doses of 2 mg/kg and 3 mg/kg IV will provide adequate sedation after approximately 2 minutes for up to 10 and 15 minutes, respectively. For children supported with ECMO, IV doses of 2 mg/kg will provide adequate levels of sedation (>750 ng/mL) but for shorter duration. For procedures lasting ࣙ10 minutes, doses ࣙ5 mg/kg would be required to maintain plasma concentrations >750 ng/mL.
Despite its strengths, our study has several important limitations. Our model diagnostics suggest some model misspecification, specifically overprediction of higher ketamine plasma concentrations (mostly ࣙ1800 ng/mL). The limited number of PK samples with high concentrations likely contributed to this bias. Although we believe our report of IM bioavailability to be of clinical relevance given the frequent use of the drug in this population, we note that it is estimated from a population PK model with variable, sparse sampling schemes of distinct IV and IM dosing cohorts and not estimates of area under the concentration-versus-time curve calculated in the same subjects following both IV and IM administration. This includes a notable lack of sampling times >120 minutes after IM dosing, which is particularly relevant given the potential for longer absorption time after IM administration, which may limit our ability to truly describe the elimination phase. In addition, we recognize that merging of PK data sets should be undertaken with caution as unrecognized sources of systemic bias may exist. We have attempted to address this possibility by estimating separate residual errors models and have tested numerous covariate relationships that may have differed between data sets (including age and race). We also attempted to fit a model with separate CL estimated for each study, but minimization problems likely related to individual study sample size and sampling scheme precluded the reporting of reliable estimates.
Despite these limitations, we believe that the challenges associated with conducting a traditional bioavailability study of ketamine in children warrant the reporting of our results as long as sufficient caution is applied in their interpretation. The sparsity of our data also did not allow us to provide interindividual variability estimates of the IM bioavailability, which is likely to be substantial in children. We acknowledge that inclusion of IIV in these terms would increase the clinical value of our simulation results. Further, the opportunistic design of our study resulted in a wide spectrum of indications and dosing regimens. In part because of this limitation, we focused our simulations on achieving lower plasma concentration targets required for procedural sedation and believe our model is useful in optimizing ketamine dosing for this indication in children with and without ECMO support even though our study is not a true PK/pharmacodynamic design and sedation scores were not obtained. The higher concentrations observed after larger doses should be interpreted cautiously. Other limitations of our model include the relatively large residual error, particularly for children in the POP01 study. Again, the opportunistic study design with variable PK sampling times and large dosing range likely contribute to this effect. In the KPSHC2011 data, where dosing and PK sampling times were specified by the protocol, residual variability was lower. IIV also remained high for all 3 parameters for which it could be estimated, even after including ECMO as a covariate on CL in our final model. As previously noted by others, high IIV is a consistent feature across multiple pediatric population PK models of ketamine, although the exact reason remains unclear. 8 In both studies used in our analysis, several clinical characteristics that may affect ketamine exposure were not collected, limiting our ability to test all potentially relevant covariates. This includes pharmacogenomic differences in enzymatic activity of ketamine-metabolizing enzymes including CYP3A isoenzymes, CYP2C9, and CYP2B6. We evaluated race as a surrogate for pharmacogenomic differences, given previously described racial differences in allelic distribution particularly of CYP2B6, which was undetectable in 70% of Japanese adults in 1 study. 34, 48 We were unable to identify a significant relationship between age and ketamine CL despite the known ontogeny of CYP3A isoenzymes in children <2 years of age. The limited number of PK samples collected for this subpopulation may, at least in part, explain this finding. It is further possible that CYP2C9 and CYP2B6 may play a greater role in ketamine metabolism in our population. Ketamine has an important pharmacologically active metabolite, norketamine, which was not measured in the plasma samples of either study. We therefore cannot comment on how norketamine plasma concentrations may affect our dosing recommendations. Finally, our evaluation of ketamine safety was limited by the fact that only study procedure-related adverse events were collected in the POP01 study, and only 1 event was recorded in the KPSHC2011 study. The observed event (suctioning and repositioning) is consistent with previous reports that excessive salivation and the need for airway suctioning are the most common adverse effects of ketamine, occurring in 13% to 33% of children. 49 Unfortunately, we are unable to comment on the prevalence of other important adverse events such as the occurrence of emergence delirium or any long-term consequences of ketamine use.
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Conclusions
In conclusion, we used combined data from 2 PK studies to develop a pediatric population PK model of IMand IV-administered ketamine. Our model is the first to estimate the bioavailability of IM ketamine of 41%, consistent with the ratio of currently recommended IM to IV dosing of ketamine for multiple indications. We also identified ECMO exposure as a significant covariate associated with higher ketamine CL. Using our model for dosing simulations, we recommend that children not supported with ECMO receive IV and IM doses of 2 mg/kg and 6 or 8 mg/kg, respectively, for sedation for procedures lasting up to 20 minutes. An important difference between the 2 administration routes is the time to onset of sedation, which is up to 10 minutes after IM administration. For children supported with ECMO, doses ࣙ5 mg/kg are required for procedures lasting ࣙ10 minutes. As with all PK models, additional ketamine PK samples collected in future studies may be used to iteratively improve our model performance and maximize its clinical value.
